. In addition to the five minima, 11 other higher-order stationary points are identified.
INTRODUCTION
The paradigmatic molecule of ozone (O 3 ) was the first allotrope of a chemical element to be recognized. Its composition was determined in 1865 by Soret, [1] and subsequently, in 1867, confirmed by Schönbein. [2] O 3 is found in several atmospheric layers, especially in the stratosphere, where it is most concentrated. It is extremely important due to its ability to capture the most harmful UV radiation via its chemical decomposition to O 2 , but it has other essential properties associated with environmental issues. [3] [4] [5] The chemistry of O 3 is dominated by its high oxidizing power.
Complexes between O 3 and various other molecules have been studied computationally.
However, while the unique properties of this molecule require high levels of theory, most of the previous work has been carried out at HF, MP2 or DFT levels, which has limited their reliability. [6] [7] [8] [9] [10] [11] [12] The reproducibility between the theoretical and experimental results through the selection of adequate methodology is crucial in order to offer to the scientific community truly valid results. Otherwise, deficiencies become evident. There have been a small number of studies which employed more appropriate methodologies, e.g. QCISD, CCSD(T), and/or multiconfigurational methods, [13, 14] but most of these have focused on complexes between O 3 and H 2 O. [15] [16] [17] Within the experimental context, in their study of the O···O 3 complex through O 3 generation with photolysis of an oxygen matrix at 11 K, Schriver-Mazzuoli et al. observed a peak at λ = 360 nm for the photodissociation of the (O 3 ) 2 dimer, but did not provide any structure. [18] Later, in 2001, Bahou et al. [19] studied the IR spectroscopy and photochemistry at 266 nm of (O 3 ) 2 trapped in an argon matrix and concluded that this species contains a weak interaction and is not centrosymmetric.
The first structure for the (O 3 ) 2 dimer was proposed by Slanina and Adamowicz, [20] from a MP2/6-31+G(d) analysis. Their minimum, with C s symmetry, has a dimerization energy of 3.0 kcal/mol. A more recent paper by Gadzhiev et al. [21] reproduces satisfactorily the experimental behavior of O 3 and its homodimer at the CCST(T,full)/cc-pCVTZ level. They identified two minima: one similar to that proposed by Slanina et al. [20] and a C i geometry, more stable by 0.25 kcal/mol. Limited primarily to energetics and geometry, neither of these papers provided detailed information about the nature of the weak interactions holding the dimers together.
Interest in the (O 3 ) 2 dimer has been renewed as work progresses into chalcogen bonds, [22] [23] [24] [25] [26] [27] [28] a noncovalent interaction which arises when an atom of that family, e.g. O, S or Se, is drawn toward an electron donor site. Electrostatic attractions are typically supplemented by charge transfer from the lone pair(s) of one atom into the σ* or π* antibonding [29] [30, 31] [32] orbital of the partner molecule. This same idea extends beyond chalcogen atoms, to other electronegative atoms, notably members of the halogen [33] [34] [35] [36] [37] [38] and pnicogen [39] [40] [41] [42] [43] [44] families, and there are very recent works that suggest that even the less electronegative C group of the periodic table can engage in very similar bonding interactions, known as "tetrel bonds". [45, 46] The present work investigates the nature of O···O interactions within the context of the ozone dimer. A thorough search of its potential energy surface (PES), reveals five separate minima, each of which is characterized and the nature of its binding analyzed. Other stationary points, including first and higher-order saddle points are identified, providing a measure of the ability of the various minima to interconvert.
COMPUTATIONAL DETAILS
The PES of (O 3 ) 2 was explored at the CCSD(T) [47] /aug-cc-pVDZ [48] computational level.
Frequency calculations were performed to confirm the nature of the stationary points and to obtain the zero point energy (ZPE). Minima were reoptimized at the CCSD(T)/aug-cc-pVTZ level, to obtain more accurate values. All calculations were performed via the MOLPRO [49] and Gaussian09 [50] packages. Binding energies, E b , were computed as the difference in energy between the complex on one hand, and the sum of the energies of the optimized monomers on the other, using the aug-cc-pVDZ and the aug-cc-pVTZ basis sets, and taking into account the ZPE. E b was also extrapolated in the limit of the complete basis set (CBS). [51, 52] The Localized Molecular Orbital Energy Decomposition Analysis method (LMOEDA) [53] at the CCSD(T) computational level was used to decompose the interaction energy terms via Eq.
(1). The molecular electrostatic potential (MEP) was analyzed, as well as, MEP on the 0.001 au electron density iso-surface via the WFA-SAS program. [58] The electron density shift (EDS) maps were calculated as the difference between the electron density of the complex and the sum of those of the monomers in the geometry of the complex using Gaussian09. Finally, the search for stationary points was carried out by the RF method implemented in the MOLPRO package. [49] RESULTS AND DISCUSSION
O 3 Monomer
The isolated ozone molecule is bent, belonging to the C 2v point group. As may be observed in Table 1 , those computational methods that include electron correlation provide acceptable geometry, with CCSD(T) the most accurate reproduction of experimental quantities. The vibrational frequencies are more sensitive to choice of computational method: HF, DFT, MP2
and CCSD values are significantly in error, in particular the B 2 antisymmetric stretching frequency in the last column. The inclusion of triplets in CCSD(T), along with the aug-cc-pVTZ basis set, is required to achieve acceptable reproduction of all vibrational frequencies. c Values from reference [13] . The active space selection 12/9 for C 2v ozone monomer was applied. 
Dimers i. Structure and Energy
Five minima were located in the potential energy surface of the ozone dimer. They are illustrated in Figure 2 , ordered based upon their binding energy. The latter quantity has been extrapolated to the complete basis set (CBS) using the calculated values at the CCSD(T)/aug-ccpVDZ and CCSD(T)/aug-cc-pVTZ computational levels (see Table 2 Complexes are arranged in ascending order of energy.
complexation (kcal/mol) are displayed in italics.
The last two columns of Table 2 complexes, within the CCSD(T)/aug exception of dimer 1, ∆H is more negative than is the binding energy amount. Note that the energetic ordering of the five minima is different for
Rather than being most stable, dimer nearly equal in enthalpy. After entropic contributions are added, however, status as most stable. In fact, the free energy ordering is identical to that of 8 minima optimized at the CCSD(T)/aug-cc-pVTZ level. Broken blue lines link atoms which present interatomic AIM BCPs, with interatomic distances in Å.
Complexes are arranged in ascending order of energy. Atomic energy changes upon are displayed in italics.
The last two columns of Table 2 contain ∆H and ∆G for the dimerization of each of the five complexes, within the CCSD(T)/aug-cc-pVDZ framework, evaluated at T = 298.15 K. With the is more negative than is the binding energy E b , albeit by only a small amount. Note that the energetic ordering of the five minima is different for ∆H than for
Rather than being most stable, dimer 1 has the least negative value of ∆H, and 2, nearly equal in enthalpy. After entropic contributions are added, however, 1 again reclaims its status as most stable. In fact, the free energy ordering is identical to that of E b . In order to gain insight into the source of the interaction energy, various components of the interaction energy were evaluated by the LMOEDA energy decomposition scheme. These quantities are reported in Table 3 , which shows the repulsion term to be the largest in absolute value for 4 of the 5 structures. Of the various attractive terms, exchange is most important, followed by dispersion, electrostatics, and polarization in that order. The small magnitude of the latter term is verified by only very small values of E(2) when these dimers are subjected to NBO analysis, albeit at the HF level. (As a caveat, it should be stressed that NBO can be calculated only at HF and DFT levels.) A scan of the first column of Table 3 indicates that there is a
Coulombic attraction between the monomers in structures 1-4. The source of this attraction is evident in Figure 3 , which stresses the overlap between the positive (blue) regions of one molecule and the negative (red) MEP areas of its partner. The positive value for E elec for 5 in Table 3 is rooted in the Coulombic repulsion evident in Figure 3 . It is likely that this repulsion is partly responsible for the low binding energy of 5. Figure 2 , which is stabilized by -0.6 kcal/mol although uninvolved in any intermolecular bond. In complexes 1-3 those atoms involved in two simultaneous interactions are more stabilized than those participating in a single interaction.
ii. Electronic Properties
The most stable minimum, 1, shows three intermolecular BCPs, while 2 and 3 present two, The symmetry of dimers 1, 4, and 5, are such that the two O 3 molecules are equivalent, and consequently there is no net charge transfer between them. The two monomers are inequivalent in 2 and 3. Even so, the net transfer is small, 0.002 e for 2 and 0.001 e for 3. A more detailed three-dimensional analysis of charge shifts can be visualized via the difference between the total density of each dimer, and the sum of the isolated monomer densities, positioned as they are within the dimer. These electron density shift (EDS) maps are presented in Figure 4 where regions of increased density are indicated by blue, and loss by yellow. The most strongly bound complex 1 displays a net increase of density in the region between the two monomers, as does 5.
The patterns in 2, 3, and 4, however, are more characteristic of local charge shifts in that the yellow regions of one molecule are paired with blue areas of its partner. In addition, the atomic charge changes upon complexation calculated within the AIM methodology are displayed in . It is also worth noting that the internal bond lengths in the ozone molecule are changed very little by dimerization, less than 0.002 Å. 
Other Stationary Points
In addition to the minima, the search for stationary points in the potential energy surface of the ozone dimer turned up a group of higher-order saddle points as well. First, second, and thirdorder saddle points are displayed in Figure S1 , along with their energies relative to the lowestenergy minimum 1. It is first clear that the various stationary points have energies comparable to the minima themselves. With regard to the first-order saddle points, i.e. transition states, it is not entirely clear which minima they connect. Inspection of the motions of the atoms corresponding to the imaginary frequency of a, for example, appears to connect minimum 1 with a symmetric variant of itself, and b connects to 2. The remaining structures are more difficult to assign.
Saddle points containing three imaginary frequencies (i-k) are symmetric structures. In i (1.08 kcal/mol) the two monomers are located in perpendicular planes with their dipoles aligned.
Terminal O atoms of the two molecules point directly toward one another in j, whereas the molecular dipoles will repel one another in k. The atomic motions associated with each imaginary frequency are illustrated in Fig. S2 . Interoxygen distances vary from 2.879 Å for the most stable minimum, to as long as 3.212 Å.
SUMMARY
In keeping with the small induction energies, shifts in electron density associated with the formation of the dimers are also small. The formation of any of these five dimers is accompanied by a red shift of all three internal vibrational modes, in particular the asymmetric stretching which is shifted to lower frequency by as much as 111 cm -1 . Besides the five minima, eleven different saddle points of varying order were located on the potential energy surface. The energies of these structures are in the same range as those of the minima, which is suggestive of a flat potential energy surface, with an ease of conversion from one minimum to another.
ELECTRONIC SUPPLEMENTARY MATERIAL
See supplementary material at http://dx.doi.org/10.1063/1.XXXXXX for Tables S1-S2 
